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ABSTRACT 
 
 
Energy Losses in Cross Junctions 
 
 
by 
 
 
Zachary B. Sharp, Master of Science 
 
Utah State University, 2009 
 
 
Major Professor:  Dr. Michael C. Johnson 
Department:  Civil and Environmental Engineering 
 
 
Solving for energy losses in pipe junctions has been a focus of study for many 
years.  Although pipe junctions and fittings are at times considered “minor losses” in 
relation to other energy losses in a pipe network, there are cases where disregarding such 
losses in flow calculations will lead to errors.  To facilitate these calculations, energy loss 
coefficients (K-factors) are commonly used to obtain energy losses for elbows, tees, 
crosses, valves, and other pipe fittings.  When accurate K-factors are used, the flow rate 
and corresponding energy at any location in a pipe network can be calculated.  K-factors 
are well defined for most pipe junctions and fittings; however, the literature documents 
no complete listings of K-factors for crosses.  This study was commissioned to determine 
the K-factors for a wide range of flow combinations in a single pipe cross and the results 
provide information previously unavailable to compute energy losses associated with 
crosses.  To obtain the loss coefficients, experimental data were collected in which the 
flow distribution in each of the four cross legs was varied to quantify the influence of 
iii 
 
 
 
velocity and flow distribution on head loss.  For each data point the appropriate K-factors 
were calculated, resulting in over one thousand experimental K-factors that can be used 
in the design and analysis of piping systems containing crosses.   
(72 pages) 
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NOTATIONS 
 
 
A= Cross-sectional area of the pipe (ft2 / m2) 
D = Pipe diameter (in / mm) 
E = Energy at specified location in the pipe (ft / m)  
E1 = Energy at location one (ft / m)  
Ei = Energy at location i (ft / m) 
f = Friction factor (-) 
f1 = Friction factor for leg one in the cross (-) 
fi = Friction factor for leg i in the cross (-) 
g = Acceleration of gravity (ft/s2 / m/s2) 
HF = Energy loss due to friction (ft / m) 
HL = Energy loss due to local losses (ft / m) 
L = Length of pipe from the cross edge to the pressure taps (ft / m) 
K = Energy loss coefficient (-) 
K1-i = Energy loss coefficient from leg one to leg i (-) 
K1-2 = Energy loss coefficient from leg one to leg two (-) 
K1-3 = Energy loss coefficient from leg one to leg three (-) 
K1-4 = Energy loss coefficient from leg one to leg four (-) 
P = Pressure at some location in the pipe (psi / kPa)  
P1 = Pressure in leg one of the pipe (psi / kPa)  
∆P1-i = Differential pressure between legs one and i of the cross (psi / kPa) 
Q1 = Flow rate in leg one (ft3/s / m3/s)  
x 
 
 
 
Q2 = Flow rate in leg two (ft3/s / m3/s) 
Q3 = Flow rate in leg three (ft3/s / m3/s) 
Qi = Flow rate in leg i (ft3/s / m3/s) 
Qt = Total flow rate into the cross (ft3/s / m3/s) 
V = Average pipe velocity (ft/s / m/s)  
Vi = Average pipe velocity in leg i (ft/s / m/s)  
Z = Pipe elevation at location of the pressure taps (ft / m)  
γ = Unit weight of water (lb/ft3 / N/m3) 
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CHAPTER 1 
 
INTRODUCTION 
 
 
Research pertaining to energy loss coefficients (K-factors) has been a topic 
investigated since the early 1960’s.  The reason for such interest in this topic is because 
of the impact K-factors have on pipeline design and analysis.  K-factors are commonly 
used to calculate energy losses for elbows, tees, crosses, valves, and other pipe fittings.  
When accurate K-factors are used, the flow rate and corresponding energy at any location 
in a pipe network can be calculated.  As a result of previous research, there are 
standardized K-factors for many common pipe fittings and valves.  However, a common 
pipe fitting that does not have well established energy loss coefficients is a cross.  In fact, 
there is currently very little information on energy loss in crosses and the information that 
is available is only applicable to one of the four possible flow scenarios that can occur in 
a cross.  The only known energy loss information is provided in Internal Flow Systems by 
Donald S. Miller (Miller 1978), although this data are only valid for a square edged cross.  
No other comprehensive data sets have been found in the literature. 
This lack of information in the literature will lead to errors in calculating flow 
rates and pressures in distribution systems containing crosses or other four pipe junctions.  
It is perplexing that energy loss information is available for most common pipe fittings, 
but not for crosses.  Four pipe junctions such as crosses are common in potable water 
distribution systems, fire distributions systems, and fire sprinkler systems and the results 
of this study will increase accuracy in evaluations of such systems. 
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This study was commissioned to determine the K-factors for a wide range of flow 
combinations in a single pipe cross.  The results provide information previously 
unavailable to compute energy losses associated with crosses and improve on the 
accuracy of current practice which is to treat four pipe junctions as two consecutive tees.  
In these instances energy loss coefficients for tees are used for design and analysis 
calculations even though no experimental data has been taken to determine how accurate 
this assumption is.  To obtain the loss factors for the cross a test bench was constructed 
that would allow experimental data to be collected for a standard 6-inch cross with 
rounded corners as opposed to the sharp corner data presented by Miller.  Appendix A 
shows figures of the test bench and the instrumentation used to gather the experimental 
data to determine the K-factors for this particular cross.   
Within this paper, details pertaining to the technical back-ground and theory of 
this subject will be given.  The experimental procedure and results for this study are 
outlined in Chapter 2, which is a peer-reviewed journal article written and submitted to 
ASCE’s Journal of Hydraulics to present the findings of this study.   Discussion 
regarding cross applications, proper use of resulting data, and future research possibilities 
are presented in Chapter 3 of the paper.  The resulting K-factors will also be used to 
analyze flow rates in a distribution system containing a cross.  These flow rates will be 
compared to flow rates calculated from the same system using no K-factors for the cross, 
and using K-factors for consecutive tees in the same system.  These results are also 
shown in Chapter 3 of the text. 
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CHAPTER 2 
 
PEER REVIEWED JOURNAL ARTICLE1 
 
 
Abstract 
 
 
Solving for energy losses in pipe junctions has been a focus of study for many 
years.  To facilitate computation, energy loss coefficients (K-factors) are commonly used 
to obtain energy losses for elbows, tees, crosses, valves, and other pipe fittings.  When 
accurate K-factors are used, the flow rate and corresponding energy at any location in a 
pipe network can be calculated.  K-factors are well defined for most pipe junctions and 
fittings however, little research has been done on K-factors for crosses.  This study was 
commissioned to determine the K-factors for a wide range of flow combinations in a 
single pipe cross and the results provide information previously unavailable to compute 
energy losses associated with crosses.  To obtain the loss factors, experimental data were 
collected in which the flow distribution in each of the four cross legs was varied to 
quantify the influence of velocity and flow distribution on head loss.  For each data point 
the appropriate K-factors were calculated resulting in over one thousand experimental K-
factors that will aid in the design and analysis of piping systems containing crosses.   
 
 
 
 
 
1Coauthored by Michael C. Johnson P.E., Member ASCE, Steven L. Barfuss P.E., 
Member ASCE, and William J. Rahmeyer P.E., Member ASCE 
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Background 
 
 
The issue of determining energy losses in pipe fittings and junctions has been 
given considerable attention for many different types of valves and fittings.  Technical 
papers dating back to the early 1960’s and up to the present have been looking into this 
problem.  As a result of these research efforts there are currently standardized energy loss 
coefficients (K-factors) for elbows (Crane 1988), tees (Costa et al. 2006; Oka and Ito 
2005), pipe expansions and contractions (Finnemore and Franzini 2006),  valves, and 
other pipe fittings (Crane 1988).  There has been extensive research done on different 
types of tees, including tees with different radius to diameter ratios (Ito and Imai 1973), 
different area ratios (Serre et al. 1994), different approach angles of the branching pipe 
(Oka and Ito 2005), and tees with rectangular cross sections (Ramamurthy and Zhu 1997; 
Ramamurthy et al. 2006); however, the literature contains very little energy loss 
information for crosses.  In his book Internal Flow Systems, Donald S. Miller shows one 
plot of K-factors for the dividing flow scenario in a cross with square corners (Miller 
1978).  The research providing this figure is incomplete because it does not envelop all 
flow scenarios in a cross.  As a result of this lack of information, no comprehensive 
procedure for hydraulically analyzing crosses in piping networks currently exists.  
Computer software packages are incomplete in their analysis of pipe junctions.  
These software applications usually allow a constant loss coefficient for a cross or other 
multi pipe junction to be input by the user, for the analysis, generally as a loss in the 
downstream pipe.  This approach is not always practical or entirely accurate.  Wood 
showed that in networks with short pipes (no friction loss) errors up to 400 percent can 
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exist in flow calculations when using a constant energy loss coefficient for a tee as 
opposed to the correct coefficients for each leg.  Wood’s study shows the importance of 
knowing and using correct pipe fitting K-factors for flow calculations in pipe networks, 
especially when friction losses are small.  With the completion of this study the correct 
energy loss information for each leg of a cross will be available to aid in design and 
analysis calculations of pipe networks with crosses.   
One challenging aspect of hydraulically analyzing a cross is the number of 
possibilities for flow direction and distribution.  There are four basic flow scenarios that 
can occur in a cross:  1) flow into one leg and out of three legs (dividing flow), 2) flow 
into three legs and out of one leg (combining flow), 3) flow into two perpendicular legs 
and out of two perpendicular legs (perpendicular flow), and 4) flow into two opposite 
legs and out of two opposite legs (colliding flow).  Fig. 1 illustrates these four flow 
scenarios.   
 
 
 
Fig. 1. The four possible flow scenarios in a cross. 
 
6 
 
 
 
For any given flow condition, three K-factors are required to completely analyze a 
cross.  Once the K-factors for each leg of a cross are acquired, this essential energy loss  
information can be used for analysis in hand calculations or in a computer software 
package.  This study provides loss coefficients for each leg of a cross, resulting in an 
increased understanding of the head loss performance of crosses in pipe networks.          
 
Theoretical Background 
 
 
In the design of pipelines or water distribution systems, the flow is calculated 
using the total energy loss in a particular pipe or around a loop of pipes coupled with the 
conservation of mass at junctions.  The total energy at some location in the pipe can be 
calculated as shown in Eq. 1, 
g
VZPE
2
2
++=
γ
                                                                                                      (1) 
 
where E is the total energy at some location in the pipe, P is the pressure at the location, γ 
is the specific weight of water, Z is the elevation above a selected datum, V is the average 
velocity of the fluid in the pipe, and g is the gravity constant.  The energy loss in a pipe or 
pipe network is the difference in energy between two locations in that pipe or pipe 
network.  Unless the energy loss is known or can be determined using appropriate energy 
loss coefficients, the uncertainty of the pipeline design increases.  Pipelines have energy 
losses due to friction and local or minor losses.  Local losses include energy lost at 
elbows, tees, crosses, valves, and other fittings.  Head loss due to local losses is 
calculated by using energy loss coefficients as shown in Eq. 2, 
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g
VKHL 2
2
=
                                                                                                                (2) 
 
where HL is the energy loss due to a local loss in a pipe, V and g are as previously 
defined, and K is the head loss coefficient.  Local losses are caused by changes in the 
flow direction, flow separation, pipe expansion or contraction, and viscous turbulent 
losses that cause a disruption to the stream lines.  When flow direction is changed in pipe 
flow, stream lines are affected and separation can occur, resulting in energy loss.  The 
energy loss due to friction is commonly found using a friction factor as shown in Eq. 3, 
g
V
D
fLH F 2
2
=
                                                                                                              (3) 
 
where HF is the head loss due to friction, f  is the friction factor, L is the pipe length, D is 
the inside diameter of the pipe, and other variables are as previously defined.  Loss 
coefficients can be found by measuring the flow and pressure in a pipe to determine the 
total energy, and using the energy equation (Eq. 4) below to find the loss coefficient K 
(Finnemore and Franzini 2006): 
 
∑∑ ++= LFi HHEE1                                                                                          (4) 
 
 
where E1 is the total energy at an upstream location in a pipe or pipe network,  Ei is the 
total energy at a downstream location in a pipe or pipe network, and other variables are as 
previously defined and represent the friction and local losses between location one and 
location i.   
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In cases where all the pipe parameters of a cross are known, the flow and pressure 
in each leg can be measured in the laboratory, leaving K and f as the only remaining 
unknowns in the energy equation.  To determine the friction loss in a pipe, theoretical 
friction factors can be used, or a friction factor for the test pipe can be experimentally 
determined.  With friction accounted for, the actual energy loss in the tested fitting can be 
established and the total energy at the entrance or exit of each cross leg can be calculated 
using Eq. 1.  Once the friction factor is established, the loss coefficient K is now the only 
unknown and can be determined using Eq. 5,  
g
VKEE iii 2
2
11 −=−                                                                                                    (5) 
 
where E1 is the total energy at the entrance of the cross in leg one, Ei is the total energy at 
the entrance or exit (depending on the flow scenario) of the cross in the leg for which the 
K-factor is being calculated, K1-i is the energy loss coefficient from leg one to leg i, g is 
the acceleration of gravity, and Vi is always the average flow velocity in pipe leg i.   
 
Experiment Procedure 
 
  
All data for this study were collected at the Utah Water Research Laboratory 
(UWRL) in Logan, Utah.  Water was used as the test fluid and was supplied to the test 
setup from First Dam, a 85 acre-ft (104,846 m3) impoundment located on the Logan 
River near the UWRL.  This study was designed to determine K factors in all legs of a 
cross for a wide variety of possible flow distributions in each of the four basic flow 
scenarios for a cross as described previously.  A test bench was constructed using 
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standard six inch (152.5 mm) carbon steel pipe with a 6.065 inch (154.05 mm) inner 
diameter (I.D.).  Before construction of the test bench, the friction factor for the carbon 
steel pipe was determined experimentally.  Fig. 2 shows a layout of the test section.  The 
test setup contained a minimum of 20 diameters of approach pipe in each leg of the cross 
and had pressure taps located six diameters from the entrance/exit of the cross in 
accordance the national standards for head loss measurement (ISA 1988).   
Four pressure taps on each leg, as shown in Fig. 2, provided accurate average 
pressure readings.  All burs were removed from the pressure taps to eliminate errors in 
differential pressure measurements.  The radii of the corners within the cross were two 
inches (50.8 mm), for a radius to diameter ratio of approximately 0.33.  Appendix A 
shows additional figures of the test bench setup.  
The test bench was designed to measure flow on three of the four cross legs with 
calibrated magnetic flow meters.  The flow in the fourth leg was calculated using 
 
Fig. 2. An overview of the test setup. 
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conservation of mass.  The pipe pressure was measured in one leg of the cross and the 
differential pressure was measured from leg one to leg i using Rosemont transmitters 
which were spanned according to the pressure differentials to ensure good pressure 
measurements and keep track of negative differential pressures.  With the flow rate, pipe 
pressure, and pipe parameters known, the local loss coefficient K was calculated in each 
cross leg for each flow condition using Eq. 5.   
 
Experimental Results 
 
 
Because there are limitless flow scenario possibilities in a cross, presenting the 
data in a concise manner is a challenge.  After careful consideration, the authors chose to 
present the resulting K-factors on several contour plots as shown in Figs. 3 through 14.  
The K-factors are plotted vs. the ratio of the flow in each leg (Qi) to the total flow 
entering the cross (Qt).  Each flow scenario has three charts, one for each K-factor: K1-2, 
K1-3, K1-4.  The legend in each figure shows the direction of flow in each cross leg.  These 
contour plots provide the needed K-factors in each leg of a cross for design calculations.  
For the dividing and combining flow scenarios (Figs. 3 through 8) the K-factors are 
presented on ternary plots because three of the four cross legs have common flow 
directions requiring three axes to plot one data point.  The K-factors for the perpendicular 
and colliding flow scenarios are plotted on x-y coordinate square plots as shown in Figs. 
9 through 14.  The tables in Appendix B show the K-factors resulting from the given flow 
rates and total energies in each of the four cross legs.  It should be noted that some of  
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Fig. 3. K-factors for the Dividing Flow Scenario K1-2. 
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Fig. 4. K-factors for the Dividing Flow Scenario K1-3. 
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Fig. 5. K-factors for the Dividing Flow Scenario K1-4. 
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Fig. 6. K-factors for the Combining Flow Scenario K1-2. 
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                      Fig. 7. K-factors for the Combining Flow Scenario K1-3. 
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Fig. 8. K-factors for the Combining Flow Scenario K1-4. 
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Fig. 9. K-factors for the Perpendicular Flow Scenario K1-2. 
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Fig. 10. K-factors for the Perpendicular Flow Scenario K1-3. 
19 
 
 
 
 
Fig. 11. K-factors for the Perpendicular Flow Scenario K1-4. 
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Fig. 12. K-factors for the Colliding Flow Scenario K1-2. 
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Fig. 13. K-factors for the Colliding Flow Scenario K1-3. 
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Fig. 14. K-factors for the Colliding Flow Scenario K1-4. 
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these data are the same values due to the symmetry of the cross.  For example Figs. 3 and 
5, and also Figs. 12 and 14 have the same data just plotted in different ways.  Data points 
were taken which showed the authors that the data in the afore mentioned plots do match.  
Therefore, symmetry was used to present the data in these plots and shorten the data 
collection time. 
 
Using the Results 
 
 
All contour plots require the flow in each cross leg, or the desired flow ratios to 
be known in order to determine the correct K-factor.  If the flow is unknown, estimates 
for the K-factor can be used and the solution can be obtained through an iterative process 
whereby the K-factors are updated with successive calculations for the flow rate in each 
leg of the cross.  Also, to determine the energy in each of the cross legs, the energy in at 
least one leg must be known.   
The following example problem illustrates how Figs. 3 through 14 can be used to 
obtain correct K-factors.  These K-factors can be used in Eq. 5 to compute the energy loss 
in a cross.  With the definition of the K-factor given by the authors, a special case arises 
when there is zero flow in one or more legs.  When this happens, the K-factor is 
undefined because the downstream leg has zero velocity, thereby making the solution to 
Eq. 5 infinity or undefined.  In most cases the energy will not need to be known in a zero 
flow leg, however, if the energy is needed it can be approximated as the average of the 
known energies.  While a zero flow leg may be primarily of academic interest, the 
authors found it important to address this for completeness.  The following example 
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problem of a single cross is based on the experimental data and deals with a zero flow 
leg.  The same procedure for determining the K-factor and energy in each leg can be used 
when there is flow all four cross legs or in only two of the four cross legs.   
Example Problem: 
Given:  Leg one supplies 60% of the flow into the cross and has a measured pressure of 
37.5 psi (258.6 kPa).  Leg three supplies the balance of the flow, leg two has zero flow, 
and all of the flow exits the cross through leg four.  The water temperature is 41.8 
degrees Fahrenheit (5.44 degrees Celsius) and the unit weight of water is 62.43 lb/ft3  
(999.98 kg/m3).  The flow into the cross is 2.42 ft3/s  (0.067 m3/s) in a combining (or 
colliding, both apply in this case) flow scenario with a 6.065 in (0.154 m) diameter in all 
cross legs.  Find the energy and respective energy losses in each of the cross legs.     
Solution:   
Given the flow ratios and total flow into the cross, the flows in legs one, three and four 
are 1.45 ft3/s (0.040 m3/s), 0.96 ft3/s (0.027 m3/s), and -2.42 ft3/s (-0.067 m3/s) 
respectively.  The corresponding flow ratios Q1/Qt, Q2/Qt, Q3/Qt are 0.6, 0.0,and 0.4 
respectively.  The energy in leg one can be determined by rewriting Eq. 1 as shown in Eq. 
6.  The energies in subsequent pipes can be found using Eq. 7 with the loss coefficients 
determined from Figs. 6 through 8.   
2
2
11
1 2gA
Q
g
P
E +=
γ
                                                                                                         (6)
     
  
2
2
11 2gA
Q
KEE iii −−=                                                                                                   (7)
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where E1 is the energy in pipe one, Ei is the energy in pipe i, Q1 is the flow in leg one, Qi  
is the flow in leg i, A is the cross-sectional area of the pipe, g is the acceleration of 
gravity, and K1-i is the loss coefficient from leg one to i.  Using Eq. 6 produces an energy 
in pipe one of 87.2 ft (26.6 m).   
Figs. 15 through 17 show how to use the combining flow contour plots (Figs. 6 
through 8) to determine the K-factors needed for this example problem by plotting the 
flow ratios in each pipe on the appropriate figures.  The K-factor is the value from the 
contours where the flow ratio lines cross.  The K-factors in this example are  K1-2 = ∞, K1-
3 = 0.78, and K1-4 = 0.28 as shown in Figs. 15 through 17.   
 
                    
   Fig. 15. Combining flow chart showing K1-2 is undefined. 
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                               Fig. 16. Combining flow chart showing K1-3 is 0.78. 
 
 
                 
                               Fig. 17. Combining flow chart showing K1-4 is 0.28. 
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Using Eq. 7, E3 = 87.0 ft (26.5 m), and E4 = 86.6 ft (26.4 m).  Because there is no 
flow in leg two, the loss coefficient is infinity and therefore cannot be used to determine 
the energy in this leg.  One alternate way to obtain the energy in leg two is to simply take 
the average of the known energies in legs one, three , and four which is 86.9 ft (26.5 m).  
The actual energy, measured in the experimental data ,in leg two was 86.7 ft (26.42 m) 
indicating that the alternative method results in an energy 0.30 percent higher than the 
actual energy.  The maximum errors resulting from computing the energy in the zero leg, 
or zero legs, by using the average of the known energies are ± 1.6 percent except when 
there is flow going straight through the cross with zero flow in either of the branching 
legs.  In this case the energies computed using the alternative method are as much as 3.1 
percent lower than the actual energies in the experimental data .  These errors are all 
calculated from the experimental data where the energy in all legs are measured and 
known.   
 
Uncertainty of Results 
 
 
All measurements have uncertainty due to systematic (instrumentation) and 
random (measurement) errors and which propagate into the calculated K-factor.  
Therefore, an uncertainty analysis of the results of this research was completed so that the 
bounds of error on the local loss coefficients could be established.  The analysis followed 
ASME PTC 19.1-2005 (ASME 2006).  Precision errors relate to the resulting K-factors 
through each parameter in Eq. 8. 
( )
i
ii
ii
i
i
i Q
Q
D
Lf
Q
QQ
D
Lf
Q
Q
P
Q
gAK +−−+∆= −− 2
111
2
2
1
12
2
1 1
2
                                         (8)
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where K1-i is the K-factor from leg one to i, g is the acceleration of gravity, A is the area 
of the pipe, Q is the pipe flow, ∆P1-i   is the differential pressure from leg one to leg i,  f  is 
the friction factor, L is the length of pipe in which friction needs to be accounted, and D 
is the pipe diameter. 
Systematic standard uncertainties, or biases, were placed on the acceleration of 
gravity, the length of pipe for friction, and the friction factor.   Random standard 
uncertainties were calculated for the flow, differential pressure and pipe diameter 
measurements.  Using the systematic and random standard uncertainties, appropriate 
sensitivity coefficients and the combined standard uncertainties were calculated.  The 
results of this study produced K-factors ranging from -25.7 to 81.2.   
This study determined over one thousand experimental K-factors, of which 88 
percent of the K-factor expanded uncertainties were less than two percent, 95 percent of 
the uncertainties were less than 5 percent, and 98 percent were less than 10 percent. The 
remaining two percent of the K- factors that had uncertainties greater than 10 percent had 
expanded uncertainties of values less than 0.075.  All of the uncertainties greater than 10 
percent resulted from K-factors that were approximately zero.  When K-factors are 
approximately zero, greater relative uncertainties are expected due to the small head loss 
caused by the cross.  Under such circumstances, normally acceptable measurement errors 
which result in small uncertainties become large in comparison to the resulting K-factor 
value which approaches zero.   
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Discussion 
 
 
Crosses and other four leg junctions are commonly used in pipe systems, fire 
sprinkler systems, and heating and cooling systems.  This study includes all flow 
conditions and distributions for the cross tested (radius to diameter ratio of 0.33).  
Because cross design can vary with application, it is expected that K-factors will not be 
the same for crosses with different designs. The user must therefore be mindful that, 
while this study provides insight into cross head loss, it does not purport to canvass all 
types of crosses in use , this study only applies to crosses with the same geometry as the 
cross tested.  Future research may include determining the effects of different radius to 
diameter ratios on the head loss through a cross, or how different leg diameters affect the 
loss coefficients.  With no energy loss information on crosses currently available, the 
results of this study provide more accurate estimates of head loss through four leg 
junctions than are currently available.  
It should be noted that the majority of the testing was performed with the total 
velocity into the cross at approximately 12 ft/s (3.7 m/s).  In addition, multiple data points 
were collected over a range of what the authors believe to be typical pipeline velocities 
which range between 1.5 and 14 ft/s.  The results showed that for all but very small flows 
(with velocities less than 1.5 ft/s), the loss coefficients were consistent.  Therefore, the 
authors believe the results of this study apply to all velocity ranges accept in extreme 
cases.   
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Recommendations 
 
 
While various designs of crosses exist the data of this study apply to crosses with 
rounded corners.  Although this study only addressed one cross design and size, future 
studies of fabricated crosses having sharp corners, reducing crosses, differing sizes, or 
even crosses having a larger radius of curvature would benefit design engineers.  It would 
also be very useful to use computational fluid dynamics to determine K-factors and to 
compare the results to this experimental data.  If good correlations were present this 
would allow design engineers the opportunity to determine correct K-factors for  many 
different four pipe junctions even if no experimental data were available.  
 
Summary and Conclusions 
 
 
Research was conducted at the Utah Water Research Laboratory to determine the 
energy loss coefficients for each pipe leg in a cross.  There is currently very little 
published information pertaining to energy loss in crosses or other four leg pipe 
junctions.  Four different flow scenarios were tested in which the flow in each leg of the 
cross was varied from 0 to 100 percent on 10-percent increments.  The flow and pressure 
in each leg of the cross were measured and the K-factors were calculated using the 
measurements taken.  This research meets the original objective to determine the correct 
K-factors for a single pipe cross over a wide range of flow distributions in each flow 
scenario of a cross and provides understanding of energy loss in four leg pipe junctions.   
Twelve contour plots displaying K-factors were developed to present the results 
of this study, with three plots for each flow scenario.  These plots can be used as 
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engineering tools for the design of pipe networks with crosses at junctions.  It is 
anticipated that, at some point in the future, the developers of pipe network software may 
incorporate the results of this study into computer analysis software or other design 
calculations.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
.. 
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CHAPTER 3 
 
DISCUSSION 
 
 
There are many pipe network applications where minor/local energy losses are 
large in comparison to energy losses associated with friction.  Therefore the term minor 
loss is somewhat of a misnomer and a more appropriate term is a local loss.  These 
systems usually have relatively short pipe lengths and include many junctions and pipe 
fittings which cause the energy losses.  Some of these systems include fire distribution 
systems, fire sprinkler systems, and even potable water distribution systems.  When a 
pipe networks energy losses are predominately caused by pipe fittings it is unacceptable 
to ignore local loss coefficients in design or analysis of such pipe networks.  It is also 
inaccurate to use constant loss coefficients as opposed to the correct loss coefficients 
which change with flow distribution, for multi-pipe junctions like tees (Wood et al. 
1993), and crosses because the loss coefficients can vary greatly with velocity and flow 
distribution.  Correct loss coefficients should always be used according to the flow 
distribution in a particular fitting for hand or computer calculations.   
The research performed in this study on crosses is unique for a six inch cross with 
a radius to diameter ratio of approximately 0.33.  The author does not intend for these 
coefficients to be used in all cross geometries.  However, due to the importance of having 
correct energy loss coefficients further research on the subject would be helpful to design 
engineers.  The research efforts in this field could be extended by taking more 
experimental data on different cross geometries or by using the experimental data 
provided in this paper, along with the data provided by Miller (Miller 1978), as a guide to 
33 
 
 
 
perform computational fluid dynamics (CFD) calculations.  Although collecting more 
experimental data may give less uncertainty in the results obtained, it may be possible 
that a CFD analysis can be performed on many different cross sizes and geometries 
without building different test benches for collecting experimental data.  This type of 
analysis is also available to more engineers who do not have the facilities to gather 
experimental data for a specific cross or other pipe fitting application. 
 
Using Cross K-factor Plots with Computer Software 
 
 
Some software applications provide constant loss coefficients for cross junctions 
but give little direction as to which pipe the local loss should be assigned to obtain the 
correct energy losses.  Chapter 2 of this study explains The way the K-factors are defined 
and which pipe the loss coefficient should be assigned as shown in Eq. 9, 
g
VKEE iii 2
2
11 −=−                                                                                                    (9) 
 
where E1 is the total energy at the entrance of the cross in leg one, Ei is the total energy at 
the entrance or exit (depending on the flow scenario) of the cross in the leg for which the 
K-factor is being calculated, K1-i is the energy loss coefficient from leg one to leg i, g is 
the acceleration of gravity, and Vi is the average flow velocity in pipe leg i which is 
downstream of leg one.  This definition implies that the K-factor always be assigned to in 
leg i when analyzing pipe networks with crosses.   
In summary, the K-factor should always be assigned to leg i, as long as the flow 
in leg i is flowing out of the cross.  If leg i is flowing into the cross, the loss coefficient 
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for leg i should be assigned the opposite sign of the actual K-factor.  This means that if 
the K-factor from leg one to leg two is -1.5 in the perpendicular flow scenario, a K-factor 
of 1.5 should be assigned to leg two for the computer analysis.  There are four basic flow 
scenarios in a cross (see Chapter 2, Fig. 1), all of which have some negative loss 
coefficients depending on the flow distribution.  Since neither EPANET or Water-Cad 
are able to perform an analysis with negative loss coefficients, it is clear that not all flow 
conditions can be modeled accurately with these software packages.  To converge on a 
solution it is also necessary to iterate with these software packages.  For example, if the 
head in all four pipes are known this can be entered into the software and the software 
will return flow rates.  With the flow rates known the correct K-factors and other local 
losses can be entered into the software which will result in different flow rates.  This 
process is then repeated until convergence when the flow rates and K-factors no longer 
change. 
Both of the mentioned software packages were used to model a pipe network with 
a single four pipe junction (i.e. cross or consecutive tees) dominating the energy loss in 
the system.  The model consisted of four reservoirs connected together by four pipes, 
each 50 feet long connecting one junction with the resulting flow regime being the 
combining flow.  Fig. 18 shows the layout of this one-cross model including the notation 
for the reservoirs, nodes, and pipes.  All pipes in the network have an inside diameter 
(I.D.) of 6.065 inches and a relative roughness (e) of 0.001 feet.  This model was run in 
both software programs (Water-Cad and EPANET), first with no loss coefficients, and 
then with the correct loss coefficients for consecutive tees, then with the correct loss 
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coefficients for a cross.  This comparison was performed to demonstrate the possible 
errors that are present when minor losses are ignored in some pipe networks and also 
errors that exist in the practice of using two consecutive tees as opposed to a cross.  Both 
software packages performed the calculations accurately according to the experimental 
data presented in this paper.  There were however, significant errors between calculated 
flow rates with and without K-factors.  Table 1 compares the calculated flow rates from 
the one cross model without any K-factors, then with correct K-factors for consecutive 
tees and crosses input into the model for two different flow distributions.  
 
 
 
                               Fig. 18. Water-Cad layout of the one cross model. 
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TABLE 1. Comparison of Flow Fates With and Without K-factors. 
  Flow Rate Flow Rate Flow Rate % difference % difference 
Pipe w/ no loss w/ tee loss w/ cross loss no coefficients to tee coefficients to 
Label coefficients coefficients coefficients cross coefficients cross coefficients 
(#) (gpm) (gpm) (gpm)     
Run #1           
P-1 491.12 476.79 464.27 5.8% 2.7% 
P-2 154.98 103.74 196.69 -21.2% -47.3% 
P-3 491.12 536.01 464.27 5.8% 15.5% 
P-4 -1,137.21 -1,116.54 -1,125.23 1.1% -0.8% 
Run #2           
P-1 185 233.76 229.53 -19.45% 1.8% 
P-2 184.89 218.55 205.6 -10.07% 6.3% 
P-3 762.76 664.1 688.92 10.72% -3.6% 
P-4 -1,132.54 -1,116.41 -1,124.05 0.76% -0.7% 
 
 
As shown in Table 1 the differences in calculated flow rates with no loss coefficients and 
the correct cross loss coefficients are as great as 21 percent for this simple one cross 
model.  It is also shown that while using the tee coefficients may result in better accuracy 
than using no loss coefficients like in run number two in Table 1, using these tee 
coefficients may result in less accurate flow calculations than using no loss coefficients 
as shown in run number one.  
In his research, Wood (Wood et al. 1993) evaluated a pipe network with tees at 
four different junctions and three reservoirs and a stand pipe as flow sources.  His 
research showed that in networks with short pipes (no friction loss) errors up to 400 
percent can exist in flow calculations when using a constant energy loss coefficient for a 
tee as opposed to the correct coefficients for each leg.  His research also showed that in 
pipe networks where friction and local energy losses are comparable in magnitude, flow 
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calculation errors can still be as great as 90 percent when using a constant energy loss 
coefficient for a tee as opposed to the correct coefficients for each leg of the tee (Wood et 
al. 1993).   This one cross model was also used to model a cross with short pipes in the 
dividing flow scenario.  The difference in calculated flow rates with and without correct 
cross K-factors were greater than 200 percent, agreeing with the experiment performed 
by Wood in error magnitude. 
These examples of flow calculation errors in pipe networks show how important 
correct energy loss coefficients are when designing or analyzing pipe networks 
dominated by junctions.  It is assumed by the author that as the complexity of a pipe 
network increases, the magnitude of error in flow calculations resulting from incorrect K-
factors will also increase with a given flow regime and distribution. 
 
Data Comparison 
 
 
The data presented by Miller regarding K-factors for the dividing flow scenario 
were compared to the results of this study and little correlation  was found between the 
two.  A perfect correlation should not be expected due to the different cross geometries, 
however the author thought it valuable to compare the only known information in the 
literature with the results of this study.  Miller defined the K-factor different than the 
author so to compare the two data the K-factors from this study had to be converted to 
match the Miller K-Factor.  The Miller K-factor can be defined as, 
g
VKEE ii 2
2
1
11 −=−                                                                                                 (9) 
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where E1 is the total energy at the entrance of the cross in leg one, Ei is the total energy at 
the entrance or exit (depending on the flow scenario) of the cross in the leg for which the 
K-factor is being calculated, K1-i is the energy loss coefficient from leg one to leg i, g is 
the acceleration of gravity, and V1 is the average flow velocity in pipe leg 1.  Table 2 
shows the flow distributions in the first four columns and compares the Miller K-factors 
for the square edged data (r/D = 0) and the data from this study(UWRL K-Factor), where 
the edged were rounded (r/D = 0.33). 
 
TABLE 2. A Comparison of K-factors from Miller to UWRL K-factors.  
Flow Flow Flow Flow Miller UWRL %  
Ratio Ratio Ratio Ratio K-factor K-factor Difference 
Leg 1  Leg 2 Leg 3 Leg 4       
              
1.00 0.10 0.70 0.20 1.00 0.800 25.0% 
1.00 0.30 0.20 0.50 1.20 0.875 37.1% 
1.00 0.52 0.38 0.10 0.00 0.004 -100.0% 
1.00 0.70 0.10 0.20 -0.05 0.10 -150.0% 
1.00 0.40 0.40 0.20 0.20 1.20 -83.3% 
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CHAPTER 4 
 
CONCLUSION 
 
 
A test bench was built to facilitate the gathering of experimental data regarding 
energy losses in crosses.  This research established the energy loss coefficients for each 
pipe leg in a cross over a wide range of flow distributions with velocities between 1.5 and 
14 ft/s in each of four different flow scenarios.  For each of the four different flow 
scenarios tested, the flow in each leg of the cross was varied from 0 to 100 percent at 10-
percent increments.  The flow and pressure in each leg of the cross were measured and 
the K-factors were calculated using the measurements taken.  This research provides an 
understanding of energy loss in four-leg pipe junctions.   
Twelve contour plots displaying K-factors were developed to present the results 
of this study, with three plots for each flow scenario.  These plots can be used as 
engineering tools for the design of pipe networks with crosses at junctions.  Computer 
software packages are currently unable to model all flow scenarios in a cross due to 
negative loss coefficients as well as designating which pipe should contain the loss.  It is 
anticipated that, at some point in the future, the developers of pipe network software may 
incorporate the results of this study into computer analysis software or other design 
calculations.   
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Appendix A: Test Bench Figures 
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        Fig. 19. An overview of the test bench. 
 
        Fig. 20.  Six inch cross with r/D = 0.33. 
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        Fig. 21.  There were four pressure taps on each pipe.     
 
        Fig. 22.  Instrumentation used for flow and differential pressure measurement.      
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        Fig. 23.  Cross legs two and three have bidirectional flow. 
 
        Fig. 24.  Calibrated magnetic flow meters were used to measure the flow. 
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        Fig. 25.  All four cross legs had pressure taps six diameters from the cross.    
 
        Fig. 26.  The test bench looking downstream from leg one. 
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Appendix B: K-Factor Tables 
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All K-Factors for the Dividing Flow Scenario (Pipe I.D. is 6.065 inches for all data) 
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #1 Pipe #2 Pipe #3 Pipe #4 
Run Flow Flow Flow Flow Energy Energy Energy Energy K1-2 K1-3 K1-4 
(#) (ft3/s) (ft3/s) (ft3/s) (ft3/s) (ft) (ft) (ft) (ft) 
0 2.43 -0.49 -1.94 0.00 81.11 79.50 80.95 79.29 17.28 0.11 ∞ 
1 2.43 -0.97 -1.45 0.00 82.84 81.46 82.58 81.18 3.76 0.32 ∞ 
2 2.41 -1.21 -1.20 0.00 86.27 84.98 85.93 84.69 2.30 0.61 ∞ 
3 2.42 -1.45 -0.97 0.00 83.98 82.74 83.51 82.42 1.53 1.30 ∞ 
4 2.42 -1.93 -0.48 0.00 85.13 83.92 84.36 83.62 0.84 8.48 ∞ 
5 2.41 -2.17 -0.25 0.00 86.27 84.98 85.38 84.79 0.71 38.17 ∞ 
6 2.41 -1.69 -0.72 0.00 86.27 85.08 85.66 84.75 1.08 3.02 ∞ 
7 2.43 -0.73 -1.69 0.00 82.83 81.36 82.64 81.11 7.18 0.17 ∞ 
8 2.44 -0.25 -2.19 0.00 80.55 78.74 80.36 78.63 75.58 0.10 ∞ 
9 2.43 0.00 -1.94 -0.49 81.11 79.29 80.95 79.50 ∞ 0.11 17.28 
10 2.43 0.00 -1.45 -0.97 82.84 81.18 82.58 81.46 ∞ 0.32 3.76 
11 2.41 0.00 -1.20 -1.21 86.27 84.69 85.93 84.98 ∞ 0.61 2.30 
12 2.42 0.00 -0.97 -1.45 83.98 82.42 83.51 82.74 ∞ 1.30 1.53 
13 2.42 0.00 -0.48 -1.93 85.13 83.62 84.36 83.92 ∞ 8.48 0.84 
14 2.41 0.00 -0.25 -2.17 86.27 84.79 85.38 84.98 ∞ 38.17 0.71 
15 2.41 0.00 -0.72 -1.69 86.27 84.75 85.66 85.08 ∞ 3.02 1.08 
16 2.43 0.00 -1.69 -0.73 82.83 81.11 82.64 81.36 ∞ 0.17 7.18 
17 2.44 0.00 -2.19 -0.25 80.55 78.63 80.36 78.74 ∞ 0.10 75.58 
18 2.45 -0.23 0.00 -2.22 85.17 83.55 84.69 83.50 81.22 ∞ 0.88 
19 2.43 -0.45 0.00 -1.98 90.90 89.31 90.78 89.15 20.17 ∞ 1.16 
20 2.41 -0.73 0.00 -1.68 86.27 84.58 86.14 84.45 8.25 ∞ 1.66 
21 2.41 -0.96 0.00 -1.45 87.41 85.69 87.28 85.59 4.85 ∞ 2.26 
22 2.41 -1.21 0.00 -1.21 86.85 85.05 86.68 85.05 3.20 ∞ 3.21 
23 2.45 -2.22 0.00 -0.23 85.17 83.50 84.69 83.55 0.88 ∞ 81.22 
24 2.43 -1.98 0.00 -0.45 90.90 89.15 90.78 89.31 1.16 ∞ 20.17 
25 2.41 -1.68 0.00 -0.73 86.27 84.45 86.14 84.58 1.66 ∞ 8.25 
26 2.41 -1.45 0.00 -0.96 87.41 85.59 87.28 85.69 2.26 ∞ 4.85 
27 2.41 -1.21 0.00 -1.21 86.85 85.05 86.68 85.05 3.21 ∞ 3.20 
28 2.46 -0.83 -0.83 -0.80 86.45 84.98 86.43 84.92 5.53 0.07 6.20 
29 2.40 -0.73 -0.24 -1.44 82.78 80.98 82.52 80.85 8.89 12.29 2.43 
30 2.40 -0.73 -0.47 -1.21 120.9 119.1 120.6 118.9 8.55 2.90 3.50 
31 2.44 -0.73 -0.73 -0.99 78.25 76.74 78.21 76.62 7.43 0.17 4.33 
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All K-Factors for the Dividing Flow Scenario (Pipe I.D. is 6.065 inches for all data) 
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #1 Pipe #2 Pipe #3 Pipe #4 
Run Flow Flow Flow Flow Energy Energy Energy Energy K1-2 K1-3 K1-4 
(#) (ft3/s) (ft3/s) (ft3/s) (ft3/s) (ft) (ft) (ft) (ft) 
32 2.41 -0.73 -0.96 -0.72 87.42 86.07 87.49 86.05 6.60 -0.19 6.84 
33 2.43 -0.73 -1.20 -0.51 81.68 80.34 81.78 80.27 6.63 -0.18 14.22 
34 2.42 -0.73 -1.45 -0.25 83.98 82.59 84.03 82.41 6.81 -0.06 66.81 
35 2.41 -0.24 -0.73 -1.44 87.42 85.93 87.26 86.17 64.29 0.76 1.57 
36 2.42 -0.48 -0.70 -1.23 81.66 80.25 81.69 80.24 15.55 -0.17 2.41 
37 2.42 -0.72 -0.72 -0.99 83.26 81.78 83.23 81.66 7.49 0.19 4.29 
38 2.40 -0.97 -0.24 -1.19 122.0 119.8 121.5 119.8 6.09 23.28 4.04 
39 2.41 -0.97 -0.48 -0.95 119.7 117.4 119.0 117.3 6.40 7.49 6.85 
40 2.43 -0.96 -0.97 -0.50 81.68 80.36 81.74 80.26 3.69 -0.16 14.77 
41 2.41 -0.99 -1.18 -0.24 85.10 83.82 85.09 83.59 3.38 0.01 69.25 
42 2.40 -0.24 -0.99 -1.17 87.39 85.94 87.34 86.14 65.60 0.13 2.37 
43 2.43 -0.48 -0.24 -1.70 82.26 80.69 82.21 80.52 17.46 2.32 1.55 
44 2.43 -0.48 -0.48 -1.46 82.26 80.76 82.25 80.65 16.60 0.11 1.96 
45 2.41 -0.48 -0.98 -0.96 86.27 84.90 86.35 84.96 15.21 -0.20 3.72 
46 2.41 -0.49 -1.45 -0.47 87.42 85.99 87.52 85.95 15.61 -0.13 17.22 
47 2.42 -0.48 -1.68 -0.25 83.98 82.46 84.03 82.34 16.67 -0.05 67.14 
48 2.41 -1.41 -0.47 -0.53 83.38 81.65 83.28 81.78 2.25 1.16 14.65 
49 2.41 -1.70 -0.47 -0.25 83.95 82.62 83.61 82.38 1.20 3.92 67.50 
50 2.43 -1.94 -0.25 -0.24 80.51 79.00 80.10 78.90 1.05 17.34 72.86 
51 2.42 -0.24 -1.93 -0.24 83.38 81.68 83.37 81.65 73.22 0.00 75.70 
52 2.46 -0.80 -0.83 -0.83 86.45 84.92 86.43 84.98 6.20 0.07 5.53 
53 2.40 -1.44 -0.24 -0.73 82.78 80.85 82.52 80.98 2.43 12.29 8.89 
54 2.40 -1.21 -0.47 -0.73 120.9 118.9 120.6 119.1 3.50 2.90 8.55 
55 2.44 -0.99 -0.73 -0.73 78.25 76.62 78.21 76.74 4.33 0.17 7.43 
56 2.43 -0.51 -1.20 -0.73 81.68 80.27 81.78 80.34 14.22 -0.18 6.63 
57 2.42 -0.25 -1.45 -0.73 83.98 82.41 84.03 82.59 66.81 -0.06 6.81 
58 2.41 -1.44 -0.73 -0.24 87.42 86.17 87.26 85.93 1.57 0.76 64.29 
59 2.42 -1.23 -0.70 -0.48 81.66 80.24 81.69 80.25 2.41 -0.17 15.55 
60 2.42 -0.99 -0.72 -0.72 83.26 81.66 83.23 81.78 4.29 0.19 7.49 
61 2.40 -1.19 -0.24 -0.97 122.0 119.8 121.5 119.8 4.04 23.28 6.09 
62 2.41 -0.95 -0.48 -0.97 119.7 117.3 119.0 117.4 6.85 7.49 6.40 
63 2.43 -0.50 -0.97 -0.96 81.68 80.26 81.74 80.36 14.77 -0.16 3.69 
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All K-Factors for the Dividing Flow Scenario (Pipe I.D. is 6.065 inches for all data) 
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #1 Pipe #2 Pipe #3 Pipe #4 
Run Flow Flow Flow Flow Energy Energy Energy Energy K1-2 K1-3 K1-4 
(#) (ft3/s) (ft3/s) (ft3/s) (ft3/s) (ft) (ft) (ft) (ft) 
64 2.41 -0.24 -1.18 -0.99 85.10 83.59 85.09 83.82 69.25 0.01 3.38 
65 2.40 -1.17 -0.99 -0.24 87.39 86.14 87.34 85.94 2.37 0.13 65.60 
66 2.43 -1.70 -0.24 -0.48 82.26 80.52 82.21 80.69 1.55 2.32 17.46 
67 2.43 -1.46 -0.48 -0.48 82.26 80.65 82.25 80.76 1.96 0.11 16.60 
68 2.41 -0.96 -0.98 -0.48 86.27 84.96 86.35 84.90 3.72 -0.20 15.21 
69 2.41 -0.47 -1.45 -0.49 87.42 85.95 87.52 85.99 17.22 -0.13 15.61 
70 2.42 -0.25 -1.68 -0.48 83.98 82.34 84.03 82.46 67.14 -0.05 16.67 
71 2.41 -0.53 -0.47 -1.41 83.38 81.78 83.28 81.65 14.65 1.16 2.25 
72 2.41 -0.25 -0.47 -1.70 83.95 82.38 83.61 82.62 67.50 3.92 1.20 
73 2.43 -0.24 -0.25 -1.94 80.51 78.90 80.10 79.00 72.86 17.34 1.05 
74 2.42 -0.24 -1.93 -0.24 83.38 81.65 83.37 81.68 75.70 0.00 73.22 
75 2.41 -2.41 0.00 0.00 119.7 118.4 118.7 118.2 0.61 ∞ ∞ 
76 2.41 0.00 0.00 -2.41 119.7 118.2 118.7 118.4 ∞ ∞ 0.61 
77 1.80 0.00 -1.80 0.00 83.04 81.97 82.87 81.94 ∞ 0.13 ∞ 
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All K-Factors for the Combining Flow Scenario (Pipe I.D. is 6.065 inches for all data) 
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #1 Pipe #2 Pipe #3 Pipe #4 
Run Flow Flow Flow Flow Energy Energy Energy Energy K1-2 K1-3 K1-4 
(#) (ft3/s) (ft3/s) (ft3/s) (ft3/s) (ft) (ft) (ft) (ft) 
0 0.81 0.82 0.81 -2.43 92.51 92.62 92.51 92.42 -0.44 -0.03 0.04 
1 0.25 1.47 0.71 -2.42 91.14 91.94 91.34 91.56 -0.96 -0.98 -0.18 
2 0.48 1.19 0.72 -2.40 78.53 79.00 78.63 78.70 -0.87 -0.50 -0.08 
3 0.72 0.98 0.72 -2.42 94.76 95.02 94.77 94.75 -0.68 -0.06 0.01 
4 0.98 0.73 0.72 -2.43 94.92 94.90 94.81 94.73 0.11 0.57 0.08 
5 1.21 0.49 0.73 -2.43 95.10 94.84 94.87 94.78 2.77 1.13 0.14 
6 1.44 0.26 0.72 -2.42 95.32 94.86 94.96 94.86 17.99 1.75 0.20 
7 1.46 0.73 0.24 -2.42 95.33 95.00 94.78 94.92 1.64 24.24 0.18 
8 1.22 0.73 0.48 -2.43 95.10 94.94 94.77 94.80 0.80 3.72 0.13 
9 1.21 0.24 0.97 -2.42 95.10 94.79 94.99 94.77 13.57 0.29 0.14 
10 0.49 0.97 0.96 -2.42 94.67 94.99 94.87 94.75 -0.88 -0.58 -0.04 
11 0.24 0.98 1.20 -2.42 94.60 94.98 95.03 94.80 -1.04 -0.77 -0.09 
12 0.25 1.22 0.98 -2.45 94.03 94.60 94.32 94.30 -1.00 -0.81 -0.12 
13 0.48 0.49 1.45 -2.42 90.05 90.10 90.56 90.10 -0.59 -0.63 -0.02 
14 0.24 0.49 1.69 -2.42 89.99 90.09 90.73 90.13 -1.08 -0.67 -0.06 
15 0.48 0.25 1.69 -2.42 90.05 90.02 90.72 90.07 1.19 -0.61 -0.01 
16 0.48 1.46 0.48 -2.42 79.68 80.38 79.69 80.01 -0.85 -0.18 -0.15 
17 0.48 1.69 0.24 -2.41 79.68 80.60 79.61 80.21 -0.84 3.13 -0.24 
18 0.24 1.93 0.24 -2.41 78.46 79.74 78.48 79.36 -0.89 -0.95 -0.40 
19 0.25 0.25 1.92 -2.41 89.99 90.00 90.92 90.10 -0.47 -0.65 -0.05 
20 0.71 1.47 0.25 -2.42 91.14 91.94 91.34 91.56 -0.72 8.22 -0.10 
21 0.72 1.19 0.48 -2.40 78.53 79.00 78.63 78.70 -0.68 1.13 -0.03 
22 0.72 0.73 0.98 -2.43 94.92 94.90 94.81 94.73 -0.45 -0.31 0.03 
23 0.73 0.49 1.21 -2.43 95.10 94.84 94.87 94.78 0.30 -0.40 0.04 
24 0.72 0.26 1.44 -2.42 95.32 94.86 94.96 94.86 4.05 -0.44 0.05 
25 0.24 0.73 1.46 -2.42 95.33 95.00 94.78 94.92 -1.06 -0.67 -0.06 
26 0.48 0.73 1.22 -2.43 95.10 94.94 94.77 94.80 -0.84 -0.59 -0.02 
27 0.97 0.24 1.21 -2.42 95.10 94.79 94.99 94.77 8.88 -0.19 0.10 
28 0.98 0.46 0.98 -2.42 94.92 94.78 94.94 94.72 1.87 0.05 0.10 
29 0.96 0.97 0.49 -2.42 94.67 94.99 94.87 94.75 -0.32 2.26 0.05 
30 1.20 0.98 0.24 -2.42 94.60 94.98 95.03 94.80 0.13 19.36 0.10 
31 1.45 1.22 0.25 -2.45 94.03 94.60 94.32 94.30 -0.49 12.06 0.01 
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All K-Factors for the Combining Flow Scenario (Pipe I.D. is 6.065 inches for all data) 
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #1 Pipe #2 Pipe #3 Pipe #4 
Run Flow Flow Flow Flow Energy Energy Energy Energy K1-2 K1-3 K1-4 
(#) (ft3/s) (ft3/s) (ft3/s) (ft3/s) (ft) (ft) (ft) (ft) 
32 1.69 0.49 0.24 -2.42 89.99 90.09 90.73 90.13 7.03 32.53 0.26 
33 1.69 0.25 0.48 -2.42 90.05 90.02 90.72 90.07 29.81 7.52 0.29 
34 1.45 0.49 0.48 -2.42 90.05 90.10 90.56 90.10 4.96 5.62 0.21 
35 0.24 1.69 0.48 -2.41 79.68 80.60 79.61 80.21 -0.90 -0.79 -0.27 
36 1.92 0.25 0.25 -2.41 89.99 90.00 90.92 90.10 38.34 40.21 0.37 
37 0.00 0.48 1.93 -2.41 87.26 86.44 86.34 86.53 -1.07 -0.64 -0.09 
38 0.00 0.94 1.48 -2.43 88.44 88.19 87.80 88.07 -1.12 -0.75 -0.12 
39 0.00 1.21 1.21 -2.42 88.18 88.32 87.72 88.06 -1.06 -0.81 -0.15 
40 0.00 1.48 0.94 -2.42 87.97 88.50 87.66 88.14 -0.99 -0.92 -0.21 
41 0.00 1.96 0.45 -2.41 87.16 88.39 87.03 87.99 -0.91 -1.56 -0.43 
42 0.00 0.24 2.17 -2.41 87.60 86.49 86.56 86.63 3.03 -0.58 -0.03 
43 0.00 0.73 1.69 -2.42 87.52 87.00 86.76 86.99 -1.16 -0.69 -0.10 
44 0.00 1.69 0.72 -2.41 86.69 87.52 86.47 87.13 -0.96 -1.11 -0.29 
45 0.00 2.16 0.24 -2.40 85.38 86.95 85.34 86.60 -0.89 -1.58 -0.57 
46 1.93 0.48 0.00 -2.41 87.26 86.44 86.34 86.53 9.10 ∞ 0.32 
47 1.48 0.94 0.00 -2.43 88.44 88.19 87.80 88.07 0.73 ∞ 0.16 
48 1.21 1.21 0.00 -2.42 88.18 88.32 87.72 88.06 -0.24 ∞ 0.05 
49 0.94 1.48 0.00 -2.42 87.97 88.50 87.66 88.14 -0.62 ∞ -0.08 
50 0.45 1.96 0.00 -2.41 87.16 88.39 87.03 87.99 -0.83 ∞ -0.37 
51 2.17 0.24 0.00 -2.41 87.60 86.49 86.56 86.63 49.29 ∞ 0.44 
52 1.69 0.73 0.00 -2.42 87.52 87.00 86.76 86.99 2.58 ∞ 0.24 
53 0.72 1.69 0.00 -2.41 86.69 87.52 86.47 87.13 -0.75 ∞ -0.19 
54 0.24 2.16 0.00 -2.40 85.38 86.95 85.34 86.60 -0.87 ∞ -0.55 
55 0.48 0.00 1.93 -2.41 86.66 85.73 85.85 85.70 ∞ -0.57 0.07 
56 0.96 0.00 1.45 -2.42 87.24 86.68 86.96 86.60 ∞ -0.34 0.16 
57 1.21 0.00 1.21 -2.42 87.59 87.17 87.62 87.11 ∞ 0.06 0.23 
58 0.73 0.00 1.69 -2.41 76.56 75.84 76.01 75.78 ∞ -0.50 0.11 
59 2.17 0.00 0.24 -2.41 75.58 75.34 76.61 75.45 ∞ 46.34 0.52 
60 1.93 0.00 0.48 -2.41 86.66 85.73 85.85 85.70 ∞ 9.15 0.43 
61 1.45 0.00 0.96 -2.42 87.24 86.68 86.96 86.60 ∞ 0.78 0.28 
62 1.69 0.00 0.73 -2.41 76.56 75.84 76.01 75.78 ∞ 2.71 0.35 
63 0.24 0.00 2.17 -2.41 75.58 75.34 76.61 75.45 ∞ -0.57 0.06 
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All K-Factors for the Combining Flow Scenario (Pipe I.D. is 6.065 inches for all data) 
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #1 Pipe #2 Pipe #3 Pipe #4 
Run Flow Flow Flow Flow Energy Energy Energy Energy K1-2 K1-3 K1-4 
(#) (ft3/s) (ft3/s) (ft3/s) (ft3/s) (ft) (ft) (ft) (ft) 
64 0.00 0.00 2.41 -2.41 119.7 118.2 118.7 118.4 ∞ -0.44 0.17 
65 2.41 0.00 0.00 -2.41 119.7 118.2 118.7 118.4 ∞ ∞ 0.61 
66 0.00 2.58 0.00 -2.58 68.05 70.32 68.11 70.08 -0.88 ∞ -0.79 
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All K-Factors for the Perpendicular Flow Scenario (Pipe I.D. is 6.065 inches for all data) 
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #1 Pipe #2 Pipe #3 Pipe #4 
Run Flow Flow Flow Flow Energy Energy Energy Energy K1-2 K1-3 K1-4 
(#) (ft3/s) (ft3/s) (ft3/s) (ft3/s) (ft) (ft) (ft) (ft) 
0 1.93 0.48 0.00 -2.41 87.26 86.44 86.34 86.53 9.10 ∞ 0.32 
1 1.48 0.94 0.00 -2.43 88.44 88.19 87.80 88.07 0.73 ∞ 0.16 
2 1.21 1.21 0.00 -2.42 88.18 88.32 87.72 88.06 -0.24 ∞ 0.05 
3 0.94 1.48 0.00 -2.42 87.97 88.50 87.66 88.14 -0.62 ∞ -0.08 
4 0.45 1.96 0.00 -2.41 87.16 88.39 87.03 87.99 -0.83 ∞ -0.37 
5 2.17 0.24 0.00 -2.41 87.60 86.49 86.56 86.63 49.29 ∞ 0.44 
6 1.69 0.73 0.00 -2.42 87.52 87.00 86.76 86.99 2.58 ∞ 0.24 
7 0.72 1.69 0.00 -2.41 86.69 87.52 86.47 87.13 -0.75 ∞ -0.19 
8 0.24 2.16 0.00 -2.40 85.38 86.95 85.34 86.60 -0.87 ∞ -0.55 
9 0.48 1.93 -2.41 0.00 86.44 87.26 86.53 86.34 -0.57 -0.04 ∞ 
10 0.94 1.48 -2.43 0.00 88.19 88.44 88.07 87.80 -0.29 0.05 ∞ 
11 1.21 1.21 -2.42 0.00 88.32 88.18 88.06 87.72 0.24 0.11 ∞ 
12 1.48 0.94 -2.42 0.00 88.50 87.97 88.14 87.66 1.55 0.16 ∞ 
13 1.96 0.45 -2.41 0.00 88.39 87.16 87.99 87.03 15.71 0.18 ∞ 
14 0.24 2.17 -2.41 0.00 86.49 87.60 86.63 86.56 -0.61 -0.06 ∞ 
15 0.73 1.69 -2.42 0.00 87.00 87.52 86.99 86.76 -0.47 0.00 ∞ 
16 1.69 0.72 -2.41 0.00 87.52 86.69 87.13 86.47 4.10 0.18 ∞ 
17 2.16 0.24 -2.40 0.00 86.95 85.38 86.60 85.34 69.06 0.15 ∞ 
18 2.41 0.00 -0.25 -2.17 86.27 84.79 85.38 84.98 ∞ 38.17 0.71 
19 2.41 0.00 -0.72 -1.69 86.27 84.75 85.66 85.08 ∞ 3.02 1.08 
20 2.43 0.00 -1.69 -0.73 82.83 81.11 82.64 81.36 ∞ 0.17 7.18 
21 2.44 0.00 -2.19 -0.25 80.55 78.63 80.36 78.74 ∞ 0.10 75.58 
22 2.43 0.00 -1.94 -0.49 81.11 79.29 80.95 79.50 ∞ 0.11 17.28 
23 2.43 0.00 -1.45 -0.97 82.84 81.18 82.58 81.46 ∞ 0.32 3.76 
24 2.41 0.00 -1.20 -1.21 86.27 84.69 85.93 84.98 ∞ 0.61 2.30 
25 2.42 0.00 -0.97 -1.45 83.98 82.42 83.51 82.74 ∞ 1.30 1.53 
26 2.42 0.00 -0.48 -1.93 85.13 83.62 84.36 83.92 ∞ 8.48 0.84 
27 0.00 2.41 -2.17 -0.25 84.79 86.27 84.98 85.38 -0.66 -0.11 -25.72 
28 0.00 2.41 -1.69 -0.72 84.75 86.27 85.08 85.66 -0.67 -0.30 -4.51 
29 0.00 2.43 -0.73 -1.69 81.11 82.83 81.36 82.64 -0.76 -1.22 -1.39 
30 0.00 2.44 -0.25 -2.19 78.63 80.55 78.74 80.36 -0.84 -4.59 -0.94 
31 0.00 2.43 -0.49 -1.94 79.29 81.11 79.50 80.95 -0.80 -2.27 -1.14 
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All K-Factors for the Perpendicular Flow Scenario (Pipe I.D. is 6.065 inches for all data) 
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #1 Pipe #2 Pipe #3 Pipe #4 
Run Flow Flow Flow Flow Energy Energy Energy Energy K1-2 K1-3 K1-4 
(#) (ft3/s) (ft3/s) (ft3/s) (ft3/s) (ft) (ft) (ft) (ft) 
32 0.00 2.43 -0.97 -1.45 81.18 82.84 81.46 82.58 -0.73 -0.76 -1.72 
33 0.00 2.41 -1.21 -1.20 84.69 86.27 84.98 85.93 -0.70 -0.51 -2.21 
34 0.00 2.42 -1.45 -0.97 82.42 83.98 82.74 83.51 -0.69 -0.40 -2.99 
35 0.00 2.42 -1.93 -0.48 83.62 85.13 83.92 84.36 -0.67 -0.20 -8.18 
36 1.92 0.48 -0.48 -1.92 79.75 78.90 78.95 79.06 9.34 8.84 0.48 
37 1.92 0.48 -0.97 -1.44 78.60 77.71 77.96 77.88 9.85 1.76 0.89 
38 1.94 0.48 -1.20 -1.22 90.14 89.21 89.57 89.36 10.53 1.03 1.37 
39 1.46 0.97 -1.20 -1.23 93.02 92.70 92.63 92.64 0.88 0.70 0.66 
40 1.45 0.96 -0.96 -1.45 97.62 97.33 97.22 97.28 0.83 1.14 0.43 
41 1.44 0.96 -0.48 -1.92 101.08 100.82 100.57 100.75 0.71 5.74 0.23 
42 1.21 1.21 -0.48 -1.94 104.32 104.40 103.99 104.18 -0.16 3.68 0.10 
43 1.20 1.21 -1.21 -1.20 107.77 107.79 107.57 107.55 -0.03 0.35 0.40 
44 1.22 1.21 -1.45 -0.98 102.02 102.01 101.82 101.75 0.01 0.25 0.72 
45 2.17 0.24 -0.24 -2.17 88.18 87.05 87.22 87.23 49.36 42.93 0.52 
46 2.17 0.24 -0.48 -1.93 88.18 87.02 87.34 87.25 51.92 9.47 0.65 
47 2.17 0.24 -0.72 -1.69 86.46 85.27 85.73 85.52 53.48 3.60 0.85 
48 2.17 0.24 -0.96 -1.45 87.03 85.81 86.40 86.08 52.89 1.74 1.17 
49 2.17 0.24 -1.20 -1.21 87.03 85.78 86.48 86.01 54.64 0.98 1.81 
50 1.92 0.48 -0.72 -1.68 80.90 80.03 80.20 80.21 9.71 3.46 0.63 
51 1.92 0.48 -0.24 -2.16 79.75 78.92 78.89 79.06 9.21 38.17 0.38 
52 1.68 0.73 -0.24 -2.17 79.44 78.91 78.73 78.94 2.60 31.31 0.27 
53 1.68 0.72 -0.48 -1.92 79.44 78.89 78.78 78.95 2.72 7.37 0.35 
54 1.69 0.73 -0.72 -1.69 78.29 77.72 77.69 77.80 2.78 3.01 0.45 
55 1.70 0.72 -0.96 -1.46 93.29 92.69 92.72 92.76 2.97 1.57 0.64 
56 1.69 0.72 -1.20 -1.21 95.01 94.40 94.50 94.45 3.04 0.91 0.99 
57 1.44 0.97 -0.72 -1.69 95.31 95.05 94.86 94.98 0.70 2.22 0.30 
58 1.44 0.96 -0.24 -2.17 98.19 97.96 97.65 97.87 0.64 24.50 0.18 
59 1.21 1.21 -0.24 -2.17 95.09 95.19 94.70 94.98 -0.19 17.02 0.06 
60 1.21 1.21 -0.73 -1.69 93.94 93.99 93.66 93.77 -0.10 1.38 0.15 
61 2.18 0.24 -2.18 -0.24 89.34 87.86 89.00 87.84 66.52 0.19 69.10 
62 2.17 0.24 -1.92 -0.49 89.34 87.93 88.98 88.02 63.01 0.25 14.16 
63 2.18 0.24 -1.69 -0.73 84.16 82.81 83.75 82.96 59.35 0.37 5.80 
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All K-Factors for the Perpendicular Flow Scenario (Pipe I.D. is 6.065 inches for all data) 
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #1 Pipe #2 Pipe #3 Pipe #4 
Run Flow Flow Flow Flow Energy Energy Energy Energy K1-2 K1-3 K1-4 
(#) (ft3/s) (ft3/s) (ft3/s) (ft3/s) (ft) (ft) (ft) (ft) 
64 2.17 0.24 -1.44 -0.97 87.03 85.74 86.56 85.94 56.90 0.58 3.03 
65 1.92 0.49 -1.45 -0.96 79.75 78.80 79.23 78.91 10.52 0.64 2.35 
66 1.92 0.49 -1.69 -0.72 78.60 77.61 78.12 77.66 10.75 0.43 4.69 
67 1.93 0.48 -1.93 -0.49 86.68 85.64 86.25 85.64 11.52 0.31 11.30 
68 1.45 0.96 -1.69 -0.72 80.33 79.98 79.99 79.83 0.98 0.31 2.51 
69 1.69 0.73 -2.18 -0.23 78.48 77.74 78.06 77.53 3.65 0.23 45.22 
70 1.69 0.73 -1.93 -0.48 78.29 77.59 77.87 77.49 3.44 0.29 9.09 
71 1.68 0.72 -1.68 -0.72 80.59 79.93 80.16 79.90 3.27 0.40 3.44 
72 1.69 0.73 -1.44 -0.97 79.45 78.81 78.98 78.83 3.13 0.58 1.71 
73 1.44 0.97 -1.44 -0.97 93.02 92.70 92.67 92.59 0.89 0.43 1.18 
74 1.45 0.96 -1.69 -0.72 80.33 79.98 79.99 79.83 0.98 0.31 2.51 
75 1.45 0.96 -1.93 -0.48 79.18 78.81 78.84 78.59 1.04 0.24 6.52 
76 1.44 0.97 -2.16 -0.25 79.18 78.78 78.82 78.49 1.10 0.19 28.66 
77 0.48 1.92 -1.92 -0.48 78.90 79.75 79.06 78.95 -0.59 -0.11 -0.60 
78 0.48 1.92 -1.44 -0.97 77.71 78.60 77.88 77.96 -0.62 -0.22 -0.72 
79 0.48 1.94 -1.22 -1.20 89.21 90.14 89.36 89.57 -0.64 -0.25 -0.65 
80 0.97 1.46 -1.23 -1.20 92.70 93.02 92.64 92.63 -0.39 0.11 0.12 
81 0.96 1.45 -1.45 -0.96 97.33 97.62 97.28 97.22 -0.36 0.06 0.31 
82 0.96 1.44 -1.92 -0.48 100.82 101.08 100.75 100.57 -0.31 0.05 2.86 
83 1.21 1.21 -1.94 -0.48 104.40 104.32 104.18 103.99 0.16 0.16 4.67 
84 1.21 1.22 -0.98 -1.45 102.01 102.02 101.75 101.82 -0.01 0.70 0.24 
85 0.24 2.17 -2.17 -0.24 87.05 88.18 87.23 87.22 -0.62 -0.10 -7.70 
86 0.24 2.17 -1.93 -0.48 87.02 88.18 87.25 87.34 -0.64 -0.16 -3.57 
87 0.24 2.17 -1.69 -0.72 85.27 86.46 85.52 85.73 -0.65 -0.23 -2.28 
88 0.24 2.17 -1.45 -0.96 85.81 87.03 86.08 86.40 -0.67 -0.32 -1.65 
89 0.24 2.17 -1.21 -1.20 85.78 87.03 86.01 86.48 -0.69 -0.41 -1.25 
90 0.48 1.92 -1.68 -0.72 80.03 80.90 80.21 80.20 -0.61 -0.16 -0.83 
91 0.48 1.92 -2.16 -0.24 78.92 79.75 79.06 78.89 -0.58 -0.07 1.55 
92 0.73 1.68 -2.17 -0.24 78.91 79.44 78.94 78.73 -0.49 -0.02 7.61 
93 0.72 1.68 -1.92 -0.48 78.89 79.44 78.95 78.78 -0.50 -0.04 1.23 
94 0.73 1.69 -1.69 -0.72 77.72 78.29 77.80 77.69 -0.52 -0.07 0.18 
95 0.72 1.70 -1.46 -0.96 92.69 93.29 92.76 92.72 -0.54 -0.09 -0.10 
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All K-Factors for the Perpendicular Flow Scenario (Pipe I.D. is 6.065 inches for all data) 
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #1 Pipe #2 Pipe #3 Pipe #4 
Run Flow Flow Flow Flow Energy Energy Energy Energy K1-2 K1-3 K1-4 
(#) (ft3/s) (ft3/s) (ft3/s) (ft3/s) (ft) (ft) (ft) (ft) 
96 0.72 1.69 -1.21 -1.20 94.40 95.01 94.45 94.50 -0.55 -0.09 -0.19 
97 0.97 1.44 -1.69 -0.72 95.05 95.31 94.98 94.86 -0.32 0.07 0.94 
98 0.96 1.44 -2.17 -0.24 97.96 98.19 97.87 97.65 -0.29 0.05 14.22 
99 1.21 1.21 -2.17 -0.24 95.19 95.09 94.98 94.70 0.19 0.12 21.62 
100 1.21 1.21 -1.69 -0.73 93.99 93.94 93.77 93.66 0.10 0.20 1.66 
101 0.24 2.18 -0.24 -2.18 87.86 89.34 87.84 89.00 -0.81 1.00 -0.62 
102 0.73 1.69 -0.23 -2.18 87.93 89.34 88.02 88.98 -0.77 -0.94 -0.74 
103 0.24 2.17 -0.97 -1.44 77.74 78.48 77.53 78.06 -0.68 9.69 -0.18 
104 0.49 1.92 -0.96 -1.45 85.74 87.03 85.94 86.56 -0.71 -0.54 -1.02 
105 0.49 1.92 -0.72 -1.69 78.80 79.75 78.91 79.23 -0.67 -0.32 -0.54 
106 0.48 1.93 -0.49 -1.93 77.61 78.60 77.66 78.12 -0.69 -0.29 -0.47 
107 0.48 1.93 -0.24 -2.17 85.64 86.68 85.64 86.25 -0.72 0.06 -0.42 
108 0.73 1.69 -0.23 -2.18 92.51 93.60 92.40 93.18 -0.76 4.65 -0.37 
109 0.73 1.69 -0.48 -1.93 77.74 78.48 77.53 78.06 -0.68 9.69 -0.18 
110 0.72 1.68 -0.72 -1.68 77.59 78.29 77.49 77.87 -0.64 1.20 -0.19 
111 0.73 1.69 -0.97 -1.44 79.93 80.59 79.90 80.16 -0.61 0.17 -0.21 
112 0.97 1.44 -0.97 -1.44 78.81 79.45 78.83 78.98 -0.58 -0.05 -0.21 
113 0.96 1.45 -0.72 -1.69 92.70 93.02 92.59 92.67 -0.40 0.29 0.03 
114 0.96 1.45 -0.48 -1.93 79.98 80.33 79.83 79.99 -0.43 0.76 -0.01 
115 0.97 1.44 -0.25 -2.16 78.81 79.18 78.59 78.84 -0.46 2.36 -0.02 
116 2.41 0.00 0.00 -2.41 78.78 79.18 78.49 78.82 -0.50 12.14 -0.03 
117 0.00 2.41 -2.41 0.00 119.72 118.24 118.73 118.36 ∞ ∞ 0.61 
118 0.00 2.58 0.00 -2.58 118.24 119.72 118.36 118.73 -0.66 -0.05 ∞ 
119 2.58 0.00 -2.58 0.00 68.05 70.32 68.11 70.08 -0.88 ∞ -0.79 
120 0.73 1.69 -0.23 -2.18 70.32 68.05 70.08 68.11 ∞ 0.09 ∞ 
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All K-Factors for the Colliding Flow Scenario (Pipe I.D. is 6.065 inches for all data) 
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #1 Pipe #2 Pipe #3 Pipe #4 
Run Flow Flow Flow Flow Energy Energy Energy Energy K1-2 K1-3 K1-4 
(#) (ft3/s) (ft3/s) (ft3/s) (ft3/s) (ft) (ft) (ft) (ft) 
0 1.93 -2.41 0.48 0.00 86.66 85.70 85.85 85.73 0.43 9.15 ∞ 
1 1.45 -2.42 0.96 0.00 87.24 86.60 86.96 86.68 0.28 0.78 ∞ 
2 1.21 -2.42 1.21 0.00 87.59 87.11 87.62 87.17 0.21 -0.06 ∞ 
3 0.97 -2.42 1.45 0.00 86.83 86.53 87.18 86.59 0.13 -0.43 ∞ 
4 0.48 -2.42 1.94 0.00 86.58 86.52 87.48 86.49 0.03 -0.62 ∞ 
5 2.17 -2.41 0.24 0.00 76.65 75.49 75.72 75.45 0.52 41.67 ∞ 
6 1.69 -2.41 0.73 0.00 76.56 75.78 76.01 75.84 0.35 2.71 ∞ 
7 0.73 -2.41 1.68 0.00 76.32 76.15 76.94 76.18 0.08 -0.56 ∞ 
8 0.24 -2.41 2.17 0.00 75.58 75.45 76.61 75.34 0.06 -0.57 ∞ 
9 1.93 0.00 0.48 -2.41 86.66 85.73 85.85 85.70 ∞ 9.15 0.43 
10 1.45 0.00 0.96 -2.42 87.24 86.68 86.96 86.60 ∞ 0.78 0.28 
11 1.21 0.00 1.21 -2.42 87.59 87.17 87.62 87.11 ∞ -0.06 0.21 
12 0.97 0.00 1.45 -2.42 86.83 86.59 87.18 86.53 ∞ -0.43 0.13 
13 0.48 0.00 1.94 -2.42 86.58 86.49 87.48 86.52 ∞ -0.62 0.03 
14 2.17 0.00 0.24 -2.41 76.65 75.45 75.72 75.49 ∞ 41.67 0.52 
15 1.69 0.00 0.73 -2.41 76.56 75.84 76.01 75.78 ∞ 2.71 0.35 
16 0.73 0.00 1.68 -2.41 76.32 76.18 76.94 76.15 ∞ -0.56 0.08 
17 0.24 0.00 2.17 -2.41 75.58 75.34 76.61 75.45 ∞ -0.57 0.06 
18 0.48 -2.00 1.98 -0.47 72.74 71.69 73.07 71.84 0.68 -0.21 10.79 
19 0.48 -1.45 1.94 -0.97 87.74 86.43 87.74 86.51 1.62 0.00 3.35 
20 0.48 -1.22 1.94 -1.20 87.74 86.44 87.73 86.45 2.26 0.00 2.31 
21 0.97 -1.22 1.46 -1.20 86.83 86.08 86.78 86.09 1.31 0.07 1.33 
22 0.97 -1.44 1.44 -0.97 91.45 90.71 91.40 90.76 0.93 0.05 1.88 
23 0.97 -1.94 1.44 -0.47 90.29 89.69 90.47 89.80 0.42 -0.22 5.74 
24 1.21 -1.92 1.20 -0.49 91.63 91.01 91.68 91.09 0.44 -0.10 5.90 
25 1.20 -1.45 1.20 -0.96 90.47 89.79 90.47 89.83 0.84 0.00 1.80 
26 0.24 -2.17 2.17 -0.24 94.60 93.82 95.21 93.83 0.43 -0.34 33.71 
27 0.24 -1.94 2.19 -0.49 88.83 87.54 89.08 87.62 0.89 -0.14 13.07 
28 0.24 -1.69 2.17 -0.72 94.60 93.12 94.71 93.22 1.34 -0.06 6.80 
29 0.25 -1.45 2.17 -0.97 93.44 91.95 93.49 92.01 1.86 -0.03 3.96 
30 0.25 -1.21 2.17 -1.20 94.60 93.12 94.65 93.09 2.62 -0.03 2.70 
31 0.49 -1.70 1.94 -0.73 90.05 88.79 90.10 88.92 1.12 -0.04 5.49 
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All K-Factors for the Colliding Flow Scenario (Pipe I.D. is 6.065 inches for all data) 
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #1 Pipe #2 Pipe #3 Pipe #4 
Run Flow Flow Flow Flow Energy Energy Energy Energy K1-2 K1-3 K1-4 
(#) (ft3/s) (ft3/s) (ft3/s) (ft3/s) (ft) (ft) (ft) (ft) 
32 0.47 -2.16 1.93 -0.24 86.60 86.04 87.21 86.11 0.31 -0.43 22.15 
33 0.72 -2.17 1.69 -0.24 85.55 85.04 86.03 85.16 0.28 -0.43 17.24 
34 0.73 -1.95 1.69 -0.48 84.40 83.57 84.61 83.74 0.57 -0.19 7.47 
35 0.73 -1.68 1.68 -0.73 97.07 96.13 97.09 96.24 0.86 -0.02 4.08 
36 0.72 -1.45 1.69 -0.96 94.76 93.77 94.70 93.84 1.21 0.05 2.57 
37 0.72 -1.21 1.69 -1.20 97.06 96.08 96.99 96.09 1.75 0.06 1.75 
38 0.96 -1.69 1.45 -0.72 97.21 96.53 97.23 96.60 0.62 -0.02 3.03 
39 0.96 -2.18 1.46 -0.24 94.90 94.45 95.22 94.53 0.25 -0.40 16.37 
40 1.21 -2.18 1.21 -0.24 95.09 94.54 95.15 94.60 0.30 -0.10 21.82 
41 1.21 -1.69 1.20 -0.72 95.09 94.43 95.11 94.49 0.60 -0.03 2.98 
42 0.48 -0.47 1.98 -2.00 72.74 71.84 73.07 71.69 10.79 -0.21 0.68 
43 0.48 -0.97 1.94 -1.45 87.74 86.51 87.74 86.43 3.35 0.00 1.62 
44 0.48 -1.20 1.94 -1.22 87.74 86.45 87.73 86.44 2.31 0.00 2.26 
45 0.97 -1.20 1.46 -1.22 86.83 86.09 86.78 86.08 1.33 0.07 1.31 
46 0.97 -0.97 1.44 -1.44 91.45 90.76 91.40 90.71 1.88 0.05 0.93 
47 0.97 -0.47 1.44 -1.94 90.29 89.80 90.47 89.69 5.74 -0.22 0.42 
48 1.21 -0.49 1.20 -1.92 91.63 91.09 91.68 91.01 5.90 -0.10 0.44 
49 1.20 -0.96 1.20 -1.45 90.47 89.83 90.47 89.79 1.80 0.00 0.84 
50 0.24 -0.24 2.17 -2.17 94.60 93.83 95.21 93.82 33.71 -0.34 0.43 
51 0.24 -0.49 2.19 -1.94 88.83 87.62 89.08 87.54 13.07 -0.14 0.89 
52 0.24 -0.72 2.17 -1.69 94.60 93.22 94.71 93.12 6.80 -0.06 1.34 
53 0.25 -0.97 2.17 -1.45 93.44 92.01 93.49 91.95 3.96 -0.03 1.86 
54 0.25 -1.20 2.17 -1.21 94.60 93.09 94.65 93.12 2.70 -0.03 2.62 
55 0.49 -0.73 1.94 -1.70 90.05 88.92 90.10 88.79 5.49 -0.04 1.12 
56 0.47 -0.24 1.93 -2.16 86.60 86.11 87.21 86.04 22.15 -0.43 0.31 
57 0.72 -0.24 1.69 -2.17 85.55 85.16 86.03 85.04 17.24 -0.43 0.28 
58 0.73 -0.48 1.69 -1.95 84.40 83.74 84.61 83.57 7.47 -0.19 0.57 
59 0.73 -0.73 1.68 -1.68 97.07 96.24 97.09 96.13 4.08 -0.02 0.86 
60 0.72 -0.96 1.69 -1.45 94.76 93.84 94.70 93.77 2.57 0.05 1.21 
61 0.72 -1.20 1.69 -1.21 97.06 96.09 96.99 96.08 1.75 0.06 1.75 
62 0.96 -0.72 1.45 -1.69 97.21 96.60 97.23 96.53 3.03 -0.02 0.62 
63 0.96 -0.24 1.46 -2.18 94.90 94.53 95.22 94.45 16.37 -0.40 0.25 
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All K-Factors for the Colliding Flow Scenario (Pipe I.D. is 6.065 inches for all data) 
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #1 Pipe #2 Pipe #3 Pipe #4 
Run Flow Flow Flow Flow Energy Energy Energy Energy K1-2 K1-3 K1-4 
(#) (ft3/s) (ft3/s) (ft3/s) (ft3/s) (ft) (ft) (ft) (ft) 
64 1.21 -0.24 1.21 -2.18 95.09 94.60 95.15 94.54 21.82 -0.10 0.30 
65 1.21 -0.72 1.20 -1.69 95.09 94.49 95.11 94.43 2.98 -0.03 0.60 
66 1.98 -2.00 0.48 -0.47 73.07 71.69 72.74 71.84 0.89 3.62 14.65 
67 1.94 -1.45 0.48 -0.97 87.74 86.43 87.74 86.51 1.62 0.00 3.35 
68 1.94 -1.22 0.48 -1.20 87.73 86.44 87.74 86.45 2.25 -0.01 2.31 
69 1.46 -1.22 0.97 -1.20 86.78 86.08 86.83 86.09 1.21 -0.16 1.23 
70 1.44 -1.44 0.97 -0.97 91.40 90.71 91.45 90.76 0.88 -0.11 1.77 
71 1.44 -1.94 0.97 -0.47 90.47 89.69 90.29 89.80 0.54 0.48 7.76 
72 1.20 -1.92 1.21 -0.49 91.68 91.01 91.63 91.09 0.48 0.10 6.49 
73 1.20 -1.45 1.20 -0.96 90.47 89.79 90.47 89.83 0.84 0.00 1.80 
74 1.21 -1.20 1.21 -1.21 89.32 88.65 89.32 88.64 1.20 -0.01 1.19 
75 2.17 -2.17 0.24 -0.24 95.21 93.82 94.60 93.83 0.77 27.29 60.89 
76 2.19 -1.94 0.24 -0.49 89.08 87.54 88.83 87.62 1.06 11.17 15.79 
77 2.17 -1.69 0.24 -0.72 94.71 93.12 94.60 93.22 1.44 4.88 7.35 
78 2.17 -1.45 0.25 -0.97 93.49 91.95 93.44 92.01 1.92 1.95 4.08 
79 2.17 -1.21 0.25 -1.20 94.65 93.12 94.60 93.09 2.71 2.21 2.79 
80 1.94 -1.70 0.49 -0.73 90.10 88.79 90.05 88.92 1.17 0.60 5.77 
81 1.93 -2.16 0.47 -0.24 87.21 86.04 86.60 86.11 0.65 7.07 49.86 
82 1.69 -2.17 0.72 -0.24 86.03 85.04 85.55 85.16 0.55 2.36 38.48 
83 1.69 -1.95 0.73 -0.48 84.61 83.57 84.40 83.74 0.71 1.01 9.86 
84 1.68 -1.68 0.73 -0.73 97.09 96.13 97.07 96.24 0.87 0.09 4.18 
85 1.69 -1.45 0.72 -0.96 94.70 93.77 94.76 93.84 1.15 -0.27 2.42 
86 1.69 -1.21 0.72 -1.20 96.99 96.08 97.06 96.09 1.63 -0.34 1.63 
87 1.45 -1.69 0.96 -0.72 97.23 96.53 97.21 96.60 0.64 0.05 3.13 
88 1.46 -2.18 0.96 -0.24 95.22 94.45 94.90 94.53 0.42 0.91 30.89 
89 1.98 -0.47 0.48 -2.00 73.07 71.84 72.74 71.69 14.65 3.62 0.89 
90 1.94 -0.97 0.48 -1.45 87.74 86.51 87.74 86.43 3.35 0.00 1.62 
91 1.94 -1.20 0.48 -1.22 87.73 86.45 87.74 86.44 2.31 -0.01 2.25 
92 1.46 -1.20 0.97 -1.22 86.78 86.09 86.83 86.08 1.23 -0.16 1.21 
93 1.44 -0.97 0.97 -1.44 91.40 90.76 91.45 90.71 1.77 -0.11 0.88 
94 1.44 -0.47 0.97 -1.94 90.47 89.80 90.29 89.69 7.76 0.48 0.54 
95 1.20 -0.49 1.21 -1.92 91.68 91.09 91.63 91.01 6.49 0.10 0.48 
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All K-Factors for the Colliding Flow Scenario (Pipe I.D. is 6.065 inches for all data) 
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #1 Pipe #2 Pipe #3 Pipe #4 
Run Flow Flow Flow Flow Energy Energy Energy Energy K1-2 K1-3 K1-4 
(#) (ft3/s) (ft3/s) (ft3/s) (ft3/s) (ft) (ft) (ft) (ft) 
96 1.20 -0.96 1.20 -1.45 90.47 89.83 90.47 89.79 1.80 0.00 0.84 
97 1.21 -1.21 1.21 -1.20 89.32 88.64 89.32 88.65 1.19 -0.01 1.20 
98 2.17 -0.24 0.24 -2.17 95.21 93.83 94.60 93.82 60.89 27.29 0.77 
99 2.19 -0.49 0.24 -1.94 89.08 87.62 88.83 87.54 15.79 11.17 1.06 
100 2.17 -0.72 0.24 -1.69 94.71 93.22 94.60 93.12 7.35 4.88 1.44 
101 2.17 -0.97 0.25 -1.45 93.49 92.01 93.44 91.95 4.08 1.95 1.92 
102 2.17 -1.20 0.25 -1.21 94.65 93.09 94.60 93.12 2.79 2.21 2.71 
103 1.94 -0.73 0.49 -1.70 90.10 88.92 90.05 88.79 5.77 0.60 1.17 
104 1.93 -0.24 0.47 -2.16 87.21 86.11 86.60 86.04 49.86 7.07 0.65 
105 1.69 -0.24 0.72 -2.17 86.03 85.16 85.55 85.04 38.48 2.36 0.55 
106 1.69 -0.48 0.73 -1.95 84.61 83.74 84.40 83.57 9.86 1.01 0.71 
107 1.68 -0.73 0.73 -1.68 97.09 96.24 97.07 96.13 4.18 0.09 0.87 
108 1.69 -0.96 0.72 -1.45 94.70 93.84 94.76 93.77 2.42 -0.27 1.15 
109 1.69 -1.20 0.72 -1.21 96.99 96.09 97.06 96.08 1.63 -0.34 1.63 
110 1.45 -0.72 0.96 -1.69 97.23 96.60 97.21 96.53 3.13 0.05 0.64 
111 1.46 -0.24 0.96 -2.18 95.22 94.53 94.90 94.45 30.89 0.91 0.42 
112 2.45 -2.22 0.00 -0.23 85.17 83.50 84.69 83.55 0.88 ∞ 81.22 
113 2.43 -1.98 0.00 -0.45 90.90 89.15 90.78 89.31 1.16 ∞ 20.17 
114 2.41 -1.68 0.00 -0.73 86.27 84.45 86.14 84.58 1.66 ∞ 8.25 
115 2.41 -1.45 0.00 -0.96 87.41 85.59 87.28 85.69 2.26 ∞ 4.85 
116 2.41 -1.21 0.00 -1.21 86.85 85.05 86.68 85.05 3.21 ∞ 3.20 
117 2.45 -0.23 0.00 -2.22 85.17 83.55 84.69 83.50 81.22 ∞ 0.88 
118 2.43 -0.45 0.00 -1.98 90.90 89.31 90.78 89.15 20.17 ∞ 1.16 
119 2.41 -0.73 0.00 -1.68 86.27 84.58 86.14 84.45 8.25 ∞ 1.66 
120 2.41 -0.96 0.00 -1.45 87.41 85.69 87.28 85.59 4.85 ∞ 2.26 
121 2.41 -1.21 0.00 -1.21 86.85 85.05 86.68 85.05 3.20 ∞ 3.21 
122 0.00 -2.22 2.45 -0.23 84.69 83.50 85.17 83.55 0.62 -0.21 57.13 
123 0.00 -1.98 2.43 -0.45 90.78 89.15 90.90 89.31 1.08 -0.05 18.66 
124 0.00 -1.68 2.41 -0.73 86.14 84.45 86.27 84.58 1.54 -0.06 7.60 
125 0.00 -1.45 2.41 -0.96 87.28 85.59 87.41 85.69 2.09 -0.06 4.47 
126 0.00 -1.21 2.41 -1.21 86.68 85.05 86.85 85.05 2.90 -0.08 2.89 
127 0.00 -0.23 2.45 -2.22 84.69 83.55 85.17 83.50 57.13 -0.21 0.62 
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All K-Factors for the Colliding Flow Scenario (Pipe I.D. is 6.065 inches for all data) 
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #1 Pipe #2 Pipe #3 Pipe #4 
Run Flow Flow Flow Flow Energy Energy Energy Energy K1-2 K1-3 K1-4 
(#) (ft3/s) (ft3/s) (ft3/s) (ft3/s) (ft) (ft) (ft) (ft) 
128 0.00 -0.45 2.43 -1.98 90.78 89.31 90.90 89.15 18.66 -0.05 1.08 
129 0.00 -0.73 2.41 -1.68 86.14 84.58 86.27 84.45 7.60 -0.06 1.54 
130 0.00 -0.96 2.41 -1.45 87.28 85.69 87.41 85.59 4.47 -0.06 2.09 
131 0.00 -1.21 2.41 -1.21 86.68 85.05 86.85 85.05 2.89 -0.08 2.90 
 
 
 
